Background. Pregnancy malaria (PM) is associated with a proinflammatory immune response characterized by increased levels of cytokines and chemokines such as tumor necrosis factor-α, interferon-γ, interleukin 10 (IL-10), and CXCL9. These changes are associated with poor outcomes including low birthweight delivery and maternal anemia. However, it is unknown if inflammatory pathways during malaria are related to pregnancy loss and preterm delivery (PTD).
Pregnant women are more susceptible to Plasmodium falciparum infection compared with their nonpregnant counterparts [1] . Susceptibility diminishes with successive pregnancies, distinguishing malaria from other infections that afflict pregnant women [1] . Pregnancy malaria (PM) is associated with poor pregnancy outcomes; severe maternal anemia and low birth weight deliveries are common sequelae in Africa [2] . In areas of low malaria transmission where pregnant women have little or no immunity to malaria, PM causes severe acute syndromes in mothers as well as fetal mortality [2] . In high transmission zones, PM is not associated with severe acute syndromes in the mother, but is associated with prematurity and stillbirth [3, 4] . In an analysis of hospital records between 1948 and 2002, the perinatal mortality rate was significantly higher in malaria-endemic than nonmalarious areas [5] . Meta-analysis of studies reporting placental malaria infection status similarly showed increased risk of stillbirth in women with placental malaria (odds ratio, 2.19; 95% confidence interval [CI], 1.49-3.22) [5] .
During PM, parasite sequestration in the placenta is followed by the accumulation of an inflammatory infiltrate consisting mainly of macrophages. In areas of high malaria transmission, placental inflammatory infiltrates are more common in primigravidae, as they lack specific immunity to placental parasites. The placental infiltrate has been associated with poor pregnancy outcomes such as low birthweight (LBW) delivery and preterm delivery (PTD) [6, 7] . Cytokines and chemokines are secreted by sequestered immune cells as well as placental villi [8] . Levels of tumor necrosis factor alpha (TNF-α), interferon gamma (IFN-γ), interleukin (IL) 10, monocyte chemoattractant protein 1, macrophage inflammatory protein 1, macrophage migration inhibitory factor (MIF), CXCL8, CXCL9, CXCL-10, and CXCL13 are higher in infected vs uninfected women [8] [9] [10] [11] [12] [13] [14] [15] [16] . High levels of TNF-α, IFN-γ, the chemokine CXCL9 that is regulated by IFN-γ, and MIF have been associated with an increase in LBW deliveries, particularly among primigravid women [9, 13, [16] [17] [18] . High placental MIF levels were also associated with stillbirths [16] .Currently, the relationship between placental or peripheral inflammation and PTD or early pregnancy loss in the context of malaria remains underexplored. In this study, we measured levels of cytokines and chemokines (IL-1β, IL-6, IL-10, TNF-α, IL-8, and CXCL9) at several time points during pregnancy, and related these to PTD as well as pregnancy loss (defined as miscarriage, stillbirth, and early neonatal death).
METHODS

Human Subjects and Clinical Procedures
Women participating in this study were enrolled between November 2010 and October 2013 into a longitudinal cohort conducted by the Immunoepidemiology Project in Ouelessebougou, Mali. Pregnant women aged 15-45 years presenting at the antenatal clinic were asked to participate and gave informed consent after receiving a study explanation form and an oral explanation from the study clinicians in their native language. The protocol and study procedures were approved by the institutional review board of the National Institute of Allergy and Infectious Diseases at the National Institutes of Health (ClinicalTrials.gov identifier NCT01168271), and the Ethics Committee of the Faculty of Medicine, Pharmacy and Dentistry at the University of Bamako, Mali.
After enrollment, women underwent a clinical evaluation including obstetrical examination and a thorough medical history review of the current and previous pregnancies. Follow-up included scheduled monthly clinical examination until 1 month postdelivery and at any time participants felt sick. Malaria infections were treated with quinine or with artemether-lumefantrine. Women received 0-3 doses of intermittent presumptive treatment with sulfadoxine-pyrimethamine (IPTp-SP), depending on gestational age at enrollment, number of doses already taken prior to enrollment, and use of other drugs to treat malaria episodes during follow-up visits. Gestational age was determined by ultrasound examination with a Siui CTS-7700+ ultrasound scanner. Gestational age was estimated by crown-rump length prior to gestational week 14 and by biparietal diameter and femur length afterward. PM was defined as the presence of any parasite in peripheral blood or placental blood smear. Blood smear was concluded to be negative after examination of at least 100 high-power fields in the thick smear. Pregnancy loss includes cases of miscarriage, stillbirth, and early neonatal death. Miscarriage was defined as pregnancy ending before gestational week 28, and stillbirth as delivery of a nonviable baby at a gestational age of ≥28 weeks. Early neonatal death was defined as death within the first 7 days. PTD was defined as birth prior to 37 weeks' gestational age.
Cytokine and Chemokine Assays
Some blood samples were not available at time of assay. These analyses included samples from 638 women: 603, 433, and 591 peripheral blood samples collected at enrollment, gestational week 30-32, and delivery, respectively, and 589 placental blood samples.
Plasma samples were analyzed using a multiplex bead-based platform (Bioplex, Bio-Rad, Irvine, California). The multiplex assay was developed in-house as previously described [18, 19] . The detection limits for the different analytes were as follows: IL-1β, 2.3 pg/mL; IL-6, 2.5 pg/mL; IL-8, 3.1 pg/mL; IL-10, 2.4 pg/mL; TNF-α, 1.9 pg/mL; CXCL9, 149.7 pg/mL.
Statistical Analysis
Only singleton pregnancies were included in these analyses.
Differences in soluble mediator levels between groups at each time point were analyzed by Mann-Whitney test, using JMP version 12 software (SAS Institute, Cary, North Carolina). P values were corrected for multiple comparisons by Holm method, using R function p.adjust. Adjusted P values <.05 were considered significant. Adjusted P values are reported.
To estimate if cytokine and chemokine levels at enrollment and at gestational week 30-32 predict increased risk of pregnancy loss and PTD, the Lunn-McNeil competing risks model (LMCRM) [20] was fitted, including all 6 soluble mediators (log-transformed) in 1 model. The model was adjusted for several covariates that are associated with pregnancy outcomes. Time-dependent variables were used for the covariates cumulative IPTp use, malaria infection during follow-up visits, and malaria at the time of antibody measurement. In addition, the model was adjusted for the baseline covariates gravidity and insecticide-treated net (ITN) use. The analysis was conducted in R with packages survival and data.table.
Multinomial logistic regressions were used for cross-sectional analyses at delivery (maternal peripheral blood and placental blood) to examine the relationships between soluble mediators and pregnancy outcomes. The 3 levels of the categorical outcome were defined as pregnancy loss, PTD, and term delivery. Term delivery served as the baseline-category reference group. The predictors for the delivery include cytokine levels (log-transformed), adjusted for gravidity, malaria infection during follow-up visits, malaria at the time of antibody measurement, IPTp, and ITN. These analyses were carried out in R (version 3.3.2 using the function multinom from the nnet package). For these cross-sectional analyses, a P value <.05 was considered significant.
RESULTS
Study Population
The number of samples and gestational ages at visit, stratified by gravidity and pregnancy outcomes, are shown in Table 1 . Gestational age at enrollment did not differ significantly between the 3 gravid groups among women with term delivery, pregnancy loss, or PTD. At delivery, the mean gestational age of term newborns was significantly higher in multigravid than primigravid and secundigravid women (mean [ Malaria infection was most common at enrollment: 40.4%, 24.6%, and 15.2% of primigravid, secundigravid, and multigravid women, respectively, were infected at enrollment, whereas 15.8%, 10.5%, and 9.5% of primigravid, secundigravid, and multigravid women, respectively were infected at delivery. Infection prevalence was higher among primigravid than multigravid women at enrollment and at delivery (P < .0001 and P = .06, respectively). Among primigravidae, secundigravidae, and multigravidae, 67.1%, 73.7%, and 76.2%, respectively, received ≥2 doses of IPTp-SP. Positive blood smears were treated per Malian Ministry of Health guidelines, and 55%, 43%, and 33% of primigravidae, secundigravidae, and multigravidae, respectively, received treatment for malaria during study follow-up.
Infection Modifies Cytokine and Chemokine Levels
Cytokines and chemokines examined here include those previously associated with low birthweight delivery in malaria-infected primigravidae (TNF-α and CXCL9), a marker of inflammatory placental malaria (IL-10), and those involved in term delivery (IL-1β, IL-6, and IL-8) [9, 18, 21, 22] . Levels were analyzed in peripheral blood samples collected during pregnancy and at delivery, and in placental blood (Figure 1 and Supplementary Table 1) . Peripheral blood IL-10 levels were significantly higher in infected than uninfected primigravidae and multigravidae at all time-points and in secundigravidae at enrollment and at delivery (P < .05). At gestational week 30-32, levels of IL-6, IL-8, and CXCL9 were higher in infected than uninfected primigravidae; at delivery, CXCL9 levels were higher in infected than uninfected primigravidae (P < .05). At enrollment, peripheral IL-10 levels were higher in infected than uninfected women for all gravidity groups (Supplementary Table 1 ), but levels were significantly lower in infected multigravidae vs infected primigravidae and secundigravidae (mean level, 78.4 in primigravidae, 73.1 in secundigravidae, and 43.9 in in multigravidae; P < .0001).
PM was associated with higher placental levels of IL-1β, IL-8, IL-10, and TNF-α in primigravidae, of IL-10, TNF-α, and CXCL9 in secundigravidae, and of IL-10 in multigravidae (Figure 1 and Supplementary Table 1) .
Levels of Soluble Mediators Predict Risk of Pregnancy Loss and Preterm Delivery
We examined whether cytokine and chemokine levels during pregnancy predict pregnancy loss (defined as miscarriage, stillbirth, and early neonatal death) and PTD. Separately, we examined the associations between cytokine and chemokine levels measured at delivery in maternal peripheral blood and in the placenta with these 2 outcomes. Table 2 shows the results from the LMCRM for associations between cytokine and chemokine levels during pregnancy and pregnancy outcomes adjusted for multiple covariates described above. To examine the independent contribution of each cytokine and chemokine measured, all were included in the same model. Increased CXCL9 levels predicted increased risk of pregnancy loss (hazard ratio [HR], 1.365; P = .009) and PTD (HR, 1.446; P = .001), while IL-6 was associated with reduced risk of pregnancy loss. Because an increase in CXCL9 levels predicted both increased risk of pregnancy loss and PTD, we further evaluated the differences between these 2 competing risks. The coefficients corresponding to the differences between these 2 competing risks using LMCRM were not statistically significant and the 2 outcomes were combined: CXCL9 levels predicted an increase of the combined risks of pregnancy loss and PTD (HR, 1.41; P < .0001), and IL-6 reduced the risk (HR, 0.95 [95% CI, .91-.99]; P = .02).
At delivery, increased IL-10 levels in maternal peripheral blood were associated with increased risk of pregnancy loss (relative risk, 1.1; P = .02) ( Table 3) . High placental IL-1β levels were associated with PTD, and with stillbirths or early neonatal deaths (Table 3) .
Among the covariates included in the analysis, gravidity was significantly associated with pregnancy outcomes. Primigravidae and secundigravidae had higher risk of pregnancy loss and PTD (primigravidae: HR, 4.03 [95% CI, 2.12-7.67], P < .0001; secundigravidae: HR, 2.88 [95% CI, 1.41-5.88], P = .004), compared to multigravidae.
DISCUSSION
Malaria during pregnancy is associated with poor outcomes for both mothers and their newborn children. PM is associated with maternal anemia, LBW delivery, fetal loss, and PTD. In this study, we found that maternal cytokines and chemokines were elevated during PM. Further, peripheral levels during pregnancy predicted PTD and pregnancy loss. In competing risks analysis, high CXCL9 levels in maternal Data are presented as hazard ratio (95% confidence interval). The Lunn and McNeil competing risks model was used to assess the effect of cytokine and chemokine levels during pregnancy on outcomes adjusted for factors that might influence pregnancy outcomes (gravidity, malaria infection, insecticide-treated net use, number of intermittent presumptive treatment doses).
Abbreviations: IL, interleukin; PTD, preterm delivery; TNF, tumor necrosis factor. Figure 1 . Soluble mediator levels during pregnancy in malaria-infected and uninfected women. Mean cytokine and chemokine levels in primigravidae (A), secundigravidae (B), and multigravidae (C) are shown. Circles around data points indicate that differences between uninfected and infected women were statistically significant for that endpoint. Abbreviations: IL, interleukin; TNF, tumor necrosis factor.
blood predicted pregnancy loss or PTD. The findings suggest that the systemic inflammatory response is contributing to these malaria sequelae. The association between systemic proinflammatory responses and pregnancy loss and PTD is consistent with previous animal model studies in which TNF-α, IFN-γ, or IL-2 administered to pregnant mice induced abortion [23] . Histologically, placental malaria in susceptible women, mainly primigravidae, has unique features that differ from other placental pathologies. Placental malaria is characterized by an increased number of macrophages, cytotoxic T cells, and B cells in placental intervillous spaces, resulting in increased proinflammatory cytokines as described here and in previous studies [8, 9, 13, 14, 24] . High placental IFN-γ and CXCL9 levels are associated with a reduction in birthweight [9, 13, 18] . In the current study, systemic levels of CXCL9 during pregnancy predict fetal loss and PTD. CXCL9 levels in peripheral blood were higher than in placental blood, suggesting that peripheral production of CXCL9 is independent of placental CXCL9. During pregnancy, syncytiotrophoblast microvesicles are released into maternal peripheral blood and have been proposed to play a role in regulating maternal immune responses [25, 26] . The number and composition of microparticles and exosomes change in complicated pregnancy [27] , and placental microvesicles from preeclamptic vs normal term women induced higher secretion of proinflammatory cytokines by peripheral mononuclear cells [28] . Malaria infection is associated with increased microparticles, and their levels correlate with disease severity [29] . One study reported that placental malaria is not associated with a change in microparticle counts, but instead levels of microRNA (miRNA) type miRNAL-517c carried by exosomes was higher in women with placental malaria [30] . We speculate that increased exosome numbers or changes in microparticle composition in women with pregnancy loss or PTD activate peripheral mononuclear cells, resulting in proinflammatory immune responses associated with these 2 poor outcomes. Differences in the composition of placental microparticles and exosomes circulating in maternal peripheral blood between women with and without placental malaria remain to be defined.
IL-10 was previously described as a marker of inflammatory placental infection, with elevations in both placental and maternal peripheral blood [15, 31] . Among primigravidae, peripheral IL-10 levels are higher among infected women with histological evidence of inflammation vs those without [31] . High IL-10 levels during placental malaria may counterbalance proinflammatory responses as a mechanism to reduce damage [32] . In this study, high IL-10 levels at delivery were associated with increased risk of pregnancy loss, which suggests that chronic placental inflammation is associated with pregnancy loss. Suguitan et al [33] found that higher parasitemia, higher IL-10 and TNF-α levels, and lower TNF-α/IL-10 ratio in placental blood was associated with PTD, but these relationships were not significant in a multivariate logistic regression model. Here, increased levels of placental IL-1β were associated with increased relative risk of pregnancy loss and PTD, consistent with previous animal and human studies describing a significant role for IL-1β in PTD (reviewed in [34] ). Also, in a comparative transcriptome analysis of placenta tissue from malaria-infected women with inflammation vs noninfected women, multiple cytokines and chemokines including IL-1β were upregulated in inflammatory placental malaria [14] , supporting the role of inflammatory cytokines in poor pregnancy outcomes.
The novel observation in the current study is that the systemic maternal inflammatory response to PM, as exemplified by CXCL9, is associated with pregnancy loss and PTD. High peripheral CXCL9 levels during pregnancy are associated with increased risk of pregnancy loss and PTD. Although CXCL9 levels were higher in both the placental and maternal peripheral blood of malaria-infected primigravidae, only CXCL9 levels in maternal peripheral blood were associated with poor pregnancy outcomes. These results emphasize the role of the maternal compartment in influencing pregnancy outcomes in the context of malaria, and suggest that assays to predict risk of pregnancy complications based on maternal peripheral blood are a tractable goal.
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